Introduction
============

Recently, considerable attention has been directed toward nanoscience, and a number of efforts have been made for the development and commercial applications of new nanotechnology in both academic and industrial institutions.[@b1-ijn-9-1025]--[@b3-ijn-9-1025] As defined by the Royal Society and Royal Academy of Engineering, "nanoscience" is the study of phenomena and manipulation of materials at atomic, molecular, and macromolecular scales, where the properties differ significantly from those at a larger scale; and "nanotechnologies" are the design, characterization, production, and application of structures, devices, and systems by controlling shape and size at the nanometer scale.[@b4-ijn-9-1025] The growing fields of nanoscience and nanotechnology have transformed many sectors of industry, with breakthrough applications in the areas of biotechnology, electronic, cosmetics, food sciences, and pharmaceutics. In particular, strategic application of nanotechnologies to pharmaceutical research and development has led to the successful development of nanodrugs, described as drug delivery systems developed to operate at the nanometer size range with novel engineered properties that provide medical benefits in the clinical treatment of several diseases.[@b1-ijn-9-1025]

Research into the rational delivery and targeting of pharmaceutical, therapeutic, and diagnostic agents is at the forefront of projects in nanodrugs. The early efforts in nanodrugs were focused on improving the molecular properties of already available therapeutic and diagnostic agents, but more recently, nanotechnology proponents have attempted to apply new therapeutic and diagnostic modalities for improving the developability. The major targets in the development of nanodrugs are 1) specific drug targeting and delivery; 2) greater safety and biocompatibility; 3) faster development of new medicine with a wide safety margin; and 4) improved pharmacokinetic behavior.[@b5-ijn-9-1025] Theoretically, nanodrugs can easily pass through the fine capillary blood vessels and the lymphatic endothelium, and they might have longer circulation times in the blood and/or higher binding capability and accumulation at some target sites.[@b6-ijn-9-1025] In particular, nanotechnologies have been used to develop site-specific drug targeting, for the treatment of brain diseases.[@b7-ijn-9-1025] Nanodrugs might also produce less inflammatory and immune response in tissues compared with drugs of larger size.[@b8-ijn-9-1025] In spite of these attractive characteristics, nanodrugs sometimes induce oxidative stress, genetic damage, and the inhibition of cell division and cell death, depending on their physicochemical characteristics (such as particle surface, size, and chemical composition).[@b9-ijn-9-1025] Nanotoxicology is emerging as an important subdiscipline of nanoscience and nanotechnology because of the finding of increasing toxic effects of nanodrugs and nanomaterials on living organisms. However, the toxicology of nanoparticles is poorly understood as there are no sufficient methods to assess their safety. A better understanding of nanotoxicity and its mechanisms would be of great help to develop new nanodrugs with a wide safety margin. In this article, we review recent advances in nanodrug development and the pharmacokinetic/safety characteristics of nanodrugs.

General pharmacokinetic characteristics of nanodrugs
====================================================

A number of efforts have been made in the development of nanodrugs over the past few decades, and the concept of nanodrugs has evolved considerably. There are various types of nanodrug systems, most designed with the drug encapsulated in a carrier (eg, dendrimers, liposomes, micelles, and polymeric nanoparticles). A nanodrug system can offer several pharmacokinetic advantages, such as specific drug delivery, high metabolic stability, high membrane permeability, improved bioavailability, and long duration of action ([Table 1](#t1-ijn-9-1025){ref-type="table"}). Therefore, by altering the biopharmaceutic and pharmacokinetic properties of new drug candidates, nanodrug systems could be a promising approach to obtain the drug properties. The physicochemical properties of nanodrugs, such as size, surface charge, and hydrophobicity, affect their mucosal absorption characteristics, and smaller nanodrugs show higher transcellular uptake via follicle-associated epithelia than do larger ones.[@b3-ijn-9-1025],[@b10-ijn-9-1025]--[@b12-ijn-9-1025] Nanoparticles can enter cells via endocytotic processes, including caveolar-and clathrin-mediated endocytosis, potocytosis, pinocytosis, and patocytosis.[@b13-ijn-9-1025] In contrast, larger particles can be quickly opsonized and removed from the bloodstream via the macrophages of the reticuloendothelial system (RES). In the formulation design of nanoparticles, it is necessary to minimize opsonization and prolong the circulation of nanoparticles in clinical use. This can be achieved by the surface coating of nanoparticles with hydrophilic polymers/surfactants, and/or the formulation of nanoparticles with biodegradable copolymers with hydrophilic segments, such as polyethylene glycol (PEG), polyethylene oxide, poloxamer, poloxamine, and polysorbate 80 (Tween 80).[@b14-ijn-9-1025] Nanodrugs with a positive surface charge can interact with the negative charges of mucin owing to abundant sulfate sialic acid and sugar moieties, resulting in enhanced transportation across mucus and increased internalization by epithelial cells.[@b10-ijn-9-1025] Strategic functionalization with some membrane permeation enhancers or ligands for receptors expressed on the cellular membrane may also promote the transcellular transport of entrapped drugs.[@b11-ijn-9-1025],[@b12-ijn-9-1025],[@b15-ijn-9-1025] In addition to transcellular transport, nanodrugs equipped with bioadhesive polymers or chelators could enhance the paracellular transport of entrapped drugs, via the regulation of tight junctions.[@b16-ijn-9-1025], [@b17-ijn-9-1025] Surface modification of nanodrugs, with specific proteins, antibodies, and other biomolecules, can be used to design drugs that act selectively on particular tissues,[@b18-ijn-9-1025] and this approach has been employed to provide improved therapeutic potential and reduced side effects of some anticancer drugs. In general, drug delivery systems employing nanotechnologies are designed to be administered via injection, transdermally, or orally, although recent studies have demonstrated the promising outcomes with pulmonary administration of nanodrug systems.[@b19-ijn-9-1025],[@b20-ijn-9-1025] Inhaled particles undergo pulmonary clearance, such as mucociliary clearance and macrophage clearance, leading to a limited duration of action. However, nanoparticles have been praised for their advantageous drug delivery properties to the lung, including their avoidance of mucociliary and macrophage clearance and long residence times before degradation or translocation by epithelial cells takes place.[@b21-ijn-9-1025],[@b22-ijn-9-1025] Thus, the nanodrug approach should enhance the therapeutic potential of entrapped drugs and contribute to the acceleration of pharmaceutical development.

General safety characteristics of nanodrugs
===========================================

Despite attractive functions and a bright future outlook for nanodrugs, there is increasing concern over their safety. Knowledge of the toxic effects of nanodrugs is limited but is rapidly growing. Nanoparticles are expected to be able to diminish the toxicity of chemotherapy drugs or other drugs with a narrow therapeutic index; however, a number of in vitro and in vivo studies have shown that some nanoparticles demonstrated toxicity in biological systems, causing cytotoxicity, an allergic response, or inflammation.[@b23-ijn-9-1025] Nanoparticles tend to produce reactive oxygen species (ROS) and free radicals, resulting in oxidative stress, inflammatory events, deoxyribonucleic acid (DNA) damage, multinucleus formation, and fibrosis.[@b13-ijn-9-1025] Another toxicity concern associated with nanodrugs is their accumulation within cells, particularly with continuous exposure or long-term use. The upper size limit for the toxicity of nanoparticles is not fully clarified; however, it has been thought to lie between 65 nm and 200 nm.[@b24-ijn-9-1025] Nanoparticle toxicity is extremely complex and multifactorial and depends on physicochemical properties, such as size, shape, and surface properties (charge, area, and reactivity). The size effect is likely to be more important for nanoparticle toxicity than the actual composition of the nanodrugs. The particle surface area can also be a better predictor of the toxic and pathological responses to nanoparticles than the particle mass dose. Although some nanodrugs were functionalized with cationic polymers, cationic formulations have been described to affect cell proliferation, differentiation, and proapoptotic genes, in human epithelial cells.[@b13-ijn-9-1025] The polycationic nature of these formulations sometimes induces both necrosis and apoptosis; therefore, in the design of drug carriers, issues of safety, toxicity, and availability have to be taken into account. The surface reactivity of nanoparticles can cause chemical damage to surrounding tissues. When inhaled, micron-sized particles tend to deposit in the central airways; however, inhaled nanoparticles can deposit in the lung periphery, causing much greater inflammation.[@b25-ijn-9-1025] In particular, needle-shaped carbon nanotubes, nanowires, and nanofibers might cause fibrotic lung disease and rare tumors, such as mesothelioma.[@b26-ijn-9-1025] The interaction of nanoparticles with skin also has received significant attention recently because of the increasing use of nanoparticles in stain-resistant clothing, cosmetics, and sunscreens. The dermal penetration of nanoparticles can be dependent on the physicochemical properties of the nanoparticles and skin condition. Limited in vivo studies have been conducted to address the issue of cutaneous nanotoxicity,[@b25-ijn-9-1025] and they demonstrated minimal irritancy potential and no evidence of irritation or allergic response for some nanoparticles. In contrast to these benign findings, many nanoparticles have been found to be cytotoxic and proinflammatory to dermal cell lines in vitro;[@b23-ijn-9-1025] therefore, additional in vivo studies of chronic dosing of nanodrugs would be needed for further clarification of nanotoxicity. Few studies have examined the systemic toxicity of nanoparticles, and most of these have been acute-toxicity studies investigating the 50% lethal dose (LD~50~) values of tested nanoparticles. Since the nanoparticles are commonly taken up by the RES, many of the target organs have been thought to be members of RES, such as the liver and spleen.[@b27-ijn-9-1025] However, nanoparticles used in biomedical applications are commonly coated with biocompatible materials to reduce opsonization and avoid the RES uptake, so the target organs for biomedical nanoparticles might be shifting away from the RES. The toxic potential of nanodrugs would be variable depending on administration routes, so an improved understanding of the risk factors related to nanodrugs and nanomaterials in the human body will aid the further development and exploitation of a variety of nanodrugs.

Dendrimers
==========

Dendrimers, highly branched macromolecules with a specific size and shape, are a class of carriers of nanodrugs, in which the hydrophobic core and hydrophilic periphery exhibit micelle-like performance along with drug loading properties, in solution.[@b28-ijn-9-1025] Drug payloads can be either entrapped within the dendrimer scaffold via the generation of noncovalent complexes or linked to the dendrimer surface via covalent conjugation, so dendrimers can incorporate a lower amount of drugs than other carriers.[@b29-ijn-9-1025] Covalently constructed dendritic macromolecules have the advantage of more specific control over drug release and may be designed to limit drug release in the systemic circulation and to trigger release under tumor-specific conditions ([Table 2](#t2-ijn-9-1025){ref-type="table"}).[@b30-ijn-9-1025] Dendritic polymers have recently been shown to improve the delivery of doxorubicin and other cytotoxic drugs to solid tumors and to reduce their accumulation in noncancerous tissues.[@b31-ijn-9-1025] Dendrimers have also been well proven as a tool in the solubilization of poorly soluble drugs, and poly(amidoamine) dendrimers and other polymeric dendrimers have been applied to flurbiprofen,[@b32-ijn-9-1025] methotrexate,[@b33-ijn-9-1025],[@b34-ijn-9-1025] and piroxicam[@b35-ijn-9-1025] for solubilization and targeted delivery. In particular, lactoferrin-conjugated dendritic nanocomposite exhibited an enhanced residence time in the systemic circulation and high lung delivery, possibly leading to reduced dosing frequency as well as nominal dose.[@b18-ijn-9-1025] Other target selectivity has also been demonstrated via the conjugation of targeting ligands, such as folate, arginylglycylaspartic acid (RGD) peptides, epidermal growth factor, vascular endothelial growth factor (VEGF), and monoclonal antibodies, to the dendrimer surface ([Table 3](#t3-ijn-9-1025){ref-type="table"}).[@b36-ijn-9-1025] In spite of their attractive functions, most dendrimers demonstrate toxic and hemolytic activity because of their positively charged surface.[@b37-ijn-9-1025] However, anionic dendrimers and modified dendrimers with masking of the peripheral cationic group can exhibit diminished hemolytic activity. Thus, surface engineering of dendrimers should lead to improvement of their pharmacokinetic and safety properties, in the context of biomedical applications.

Engineered nanoparticles (nanosized particles)
==============================================

A particle size reduction approach is widely used to increase the dissolution rate, since the dissolution rate of a drug proportionally increases with increasing surface area of drug particles.[@b38-ijn-9-1025] As defined in the Prandtl boundary layer equation, the decrease of diffusion layer thickness brought by reducing particle size, particularly down to \<5 μm, would result in accelerated dissolution. Based on this, drug nanocrystal technology has been the highlight in the pharmaceutical field, and the approaches developed to produce drug nanosuspensions mainly include the so-called "bottom-up" (controlled precipitation) and "top-down" types (wet-milling with beads, and high-pressure homogenization).[@b39-ijn-9-1025],[@b40-ijn-9-1025] In both bottom-up and top-down approaches, hydrophilic polymer and/or surfactant are typically used to stabilize a nanosuspension. The nanoparticles of drug are dispersed into inert carriers after a drying process, such as spray drying or lyophilization, and the resulting solidified nanocrystal formulations can be defined as nanocrystalline solid dispersions.

There have been numerous studies demonstrating the enhanced oral bioavailability and pharmacological effects of pharmaceuticals and neutraceuticals obtained via nanotechnologies ([Table 2](#t2-ijn-9-1025){ref-type="table"}).[@b41-ijn-9-1025]--[@b52-ijn-9-1025] In the nanosized formulation approach, maximum concentration (C~max~) and bioavailability were increased up to dozens of folds compared with conventional formulations with micrometer particle size. Interestingly, the neutral or acidic compounds, such as danazol,[@b44-ijn-9-1025] cilostazol,[@b42-ijn-9-1025] tranilast,[@b49-ijn-9-1025] and curcumin[@b43-ijn-9-1025] have shown better improvements in the pharmacokinetic parameters than have the basic compounds, via nanocrystal technologies. Recently, a lower-dose diclofenac submicron particle capsule was developed with the use of SoluMatrix™ technology (iCeutica, Philadelphia, PA, USA), and in 2013, the US Food and Drug Administration (FDA) approved this nanodrug for treatment of mild to moderate acute pain in adults.[@b51-ijn-9-1025] In the Phase I study, the oral nanoformulated diclofenac (35 mg) demonstrated faster absorption and similar C~max~ compared with diclofenac at higher dose (50 mg), in healthy subjects, and it also provided effective analgesia in the Phase III clinical study, in patients with acute pain.[@b53-ijn-9-1025] The SoluMatrix™ technology was also applied to indomethacin, and a Phase I study demonstrated that the oral nanoformulated indomethacin exhibited a more rapid time to maximal concentration (T~max~) (1.1 hours) compared with indomethacin (2.0 hours), possibly leading to more rapid onset of action.[@b52-ijn-9-1025] The C~max~ for nanoformulated indomethacin (40 mg) was found to be slightly higher compared with standard oral indomethacin (50 mg) in healthy subjects (3,115 ng/mL vs 2,759 ng/mL, respectively). Thus, nanoformulated systems can lower the dose of drugs, thus improving their safety and tolerability, while maintaining their effectiveness. In general, neutral and acidic drugs would be poorly soluble in gastric fluid, and the improved dissolution behavior of these chemicals under acidic conditions via nanotechnologies could lead to marked enhancement in their oral bioavailability. Nanoparticles generally exhibit mucoadhesion to biological mucosa, and the mucoadhesion effect also plays an important role in the enhancement of oral bioavailability. The transcellular transport of nanosized particles through the endothelial cells of the small intestine via endocytosis has also been believed to be one of the major mechanisms for the improved oral absorption, and the transcellular uptake could be influenced by several factors, such as particle size and surface charge ([Table 1](#t1-ijn-9-1025){ref-type="table"}).[@b16-ijn-9-1025] The mechanisms for enhanced oral absorption can be mainly summarized as follows: 1) improved dissolution behavior; 2) bioadhesion to the intestinal wall; and 3) transcellular uptake. In addition to the enhanced dissolution and bioavailability, nanocrystals have provided further pharmaceutical benefits, including reproducibility of oral absorption, improved dose-bioavailability, proportionality, and increased patient compliance as a result of the reduction of the number of oral units to be taken.[@b54-ijn-9-1025] Theoretically, as well as for oral dosing, nanocrystal formulations can be employed for dermal, ocular, and pulmonary drug delivery. An inhalable nanocrystalline solid dispersion of tranilast was previously prepared by wet-milling technology and exhibited high inhalation performance and improved anti-inflammatory effects, in a rat model of airway inflammation, compared with crystalline tranilast with a larger particle size.[@b50-ijn-9-1025]

Recently, there has been increasing concern about the potential nanotoxicity of nanosized particles, and the particles of major toxicological concern are those below 100 nm.[@b54-ijn-9-1025] Although larger nanometer particles (\>200 nm) can only be internalized by macrophages, causing effects inside those cells, smaller nanoparticles (with a diameter of 150 nm or much smaller) can be internalized by any cell via pinocytosis. In this context, small nanoparticles can access any cell of the body, possibly resulting in a higher cytotoxic potential. Orally taken nanocrystals could cause pharmacokinetic transition, with higher C~max~ and shorter T~max~, and the higher and more rapid systemic exposure of drugs might lead to some adverse effects. In contrast, it was shown that the gastric irritancy of oral nonsteroidal anti-inflammatory drugs (NSAIDs) could be decreased via nanocrystal technologies because the nanocrystals achieved distribution uniformity in the gastrointestinal fluid without high and prolonged local concentration.[@b39-ijn-9-1025]

Lipid nanosystems
=================

Lipid nanosystems, including emulsions, liposomes, and solid lipid nanoparticles, have been studied intensively to improve the biopharmaceutical properties and/or therapeutic index of drugs.[@b1-ijn-9-1025] With respect to the safety concerns over lipid nanosystems, lipid-based colloidal carriers are believed to be well tolerated in living systems since they are usually made of physiological compounds and, therefore, metabolism should decrease the risk of acute and chronic toxicity.[@b55-ijn-9-1025] Nevertheless, for the development of solid lipid nanoparticle emulsions with a wide safety margin, careful consideration should be taken of the potential toxicity of the emulsifiers.

Emulsions
---------

In recent years, self-emulsifying drug delivery systems (SEDDSs) have been utilized to enhance the oral bioavailability of poorly water-soluble drugs, especially of highly lipophilic drugs.[@b56-ijn-9-1025]--[@b60-ijn-9-1025] SEDDSs are isotropic mixtures of oil, surfactant, cosolvent, and solubilized drug, and the SEDDS approach requires fine dissolution and chemical stability of the drugs in the oil phase. These formulations can rapidly form oil in water (O/W) fine emulsions, when dispersed in the aqueous phase under mild agitation. SEDDSs are additionally classified as either self-microemulsification drug delivery systems (SMEDDSs) or self-nanoemulsification drug delivery systems (SNEDDSs), according to the size range of their oil droplets.[@b38-ijn-9-1025] SMEDDSs form microemulsions ranging in droplet size from 100 to 250 nm, and finer nanoemulsions, with a diameter of less than 100 nm, can be obtained using SNEDDSs. The SEDDS approach has been thought to be suitable for the Biopharmaceutics Classification System (BCS)[@b38-ijn-9-1025] class II drugs, the characteristics of which are low solubility and high permeability. Generally, the bioavailability of a BCS class II drug is rate-limited by its dissolution so that even a small increase in dissolution rate sometimes results in a large increase in bioavailability. Therefore, the rapid emulsification of these formulations in the gastrointestinal tract can provide both improved oral bioavailability and a reproducible plasma concentration profile ([Table 2](#t2-ijn-9-1025){ref-type="table"}). The droplet size of the emulsion could influence the bioavailability of orally administered drugs. For instance, two SEDDSs formulations of cyclosporin A (Sandimmune® \[Novartis Pharmaceuticals Corp, Basel, Switzerland\], a coarse SMEDDS formulation, and Neoral® \[Novartis\], a fine SNEDDS formulation) are available on the market, and Neoral® is more rapidly and consistently absorbed than Sandimmune®, in humans. The strategic application of emulsion approaches to poorly soluble drugs could result in the rapid increase of systemic exposure, which might show unwanted side effects if the drugs have low therapeutic index ([Table 3](#t3-ijn-9-1025){ref-type="table"}). To overcome this limitation, sustained-release SEDDS would be a viable dosage option to modulate high peak plasma concentrations of the administered drugs.[@b16-ijn-9-1025] In addition to the oral dosage form, an inhalable dry emulsion of cyclosporin A was proposed for the treatment of asthma, chronic obstructive pulmonary disease (COPD), and allograft rejection after pulmonary transplantation, and the insufflated dry emulsions showed higher potency than did cyclosporin A particles, in a rat model of acute airway inflammation.[@b19-ijn-9-1025]

Liposomes
---------

Liposomes, a type of microcapsule, enclose liquid compartments with a multilamellar structure consisting of lipid bilayers. A liposomal formulation can be prepared by the dehydration--rehydration method, the reverse-phase evaporation vesicle method, and by the proliposome method. Several pharmacokinetic challenges have been pointed out for conventional liposomes, including nonspecific uptake, within a few minutes to a few hours, by the RES; rapid clearance; and opsonization.[@b1-ijn-9-1025] These pharmacokinetic properties of liposomes depend on their physicochemical characteristics, such as size, surface charge, membrane lipid packing, steric stabilization, dose, and route of administration. A number of efforts have been made to overcome these drawbacks, and recent studies demonstrated that liposomes coated or grafted with hydrophilic polymers were efficacious for attenuating the opsonization of the liposomes and rapid clearance. Considerable attention has been drawn to PEG-modified liposomes since they have exhibited an increased systemic half-life for the encapsulated drug, based on significant reduction in nonspecific RES uptake.[@b61-ijn-9-1025] PEG-modified liposomes also have advantages in terms of passive targeting to tumors.[@b3-ijn-9-1025] Tumor vasculature is well characterized by a chaotic network of thin-walled, leaky vessels, so liposomes have the ability to cross into the interstitial spaces in viable tumor areas, with limited washout. This process is referred to as the enhanced permeability and retention (EPR) effect, and small PEG-modified liposomes with a diameter of 100--200 nm can permeate through the tumor vasculature, eventually leading to their accumulation in tumor tissue ([Table 3](#t3-ijn-9-1025){ref-type="table"}). As a result of basic research in both academia and industry, liposomes have been widely used as pharmaceutical carriers in the past decade because of their attractive biopharmaceutical properties: 1) high encapsulation efficiency for both hydrophilic and hydrophobic therapeutic agents; 2) protection of encapsulated drugs from undesired effects of external conditions; 3) functionalization upon conjugation with specific ligands, for the targeting specific cells, tissues, and organs of interest; 4) prolonged systemic circulation with the use of inert and biocompatible polymers; and 5) controllable size and surface charge ([Table 2](#t2-ijn-9-1025){ref-type="table"}).[@b29-ijn-9-1025],[@b61-ijn-9-1025]--[@b65-ijn-9-1025] Currently, a number of liposomal formulations have obtained approval for the treatment of cancer, infections, and meningitis, including amphotericin B (Abelcet®; Sigma-Tau Pharmaceuticals, Inc., Gaithersburg, MD, USA) and doxorubicin (Doxil® \[Janssen Pharmaceuticals, Inc., Titusville, NJ, USA\] and Myocet® \[Enzon Pharmaceuticals, Piscataway, NJ, USA\]). Doxil® is the first FDA-approved nanodrug, pharmacokinetic characteristics of which are 1) prolonged drug circulation time and 2) avoidance of RES uptake, due to the use of PEGylated nanoliposomes.[@b66-ijn-9-1025] In humans, the area under the concentration-time curve (AUC) of plasma doxorubicin after the intravenous (IV) administration of Doxil® (50 mg/m^2^) is \~300-fold greater than that with free drug at same dose, and clearance and volume of distribution are drastically reduced, by at least 250-and 60-fold, respectively.[@b66-ijn-9-1025] CPX-351 (liposome-encapsulated cytarabine and daunorubicin) is currently under clinical development for the treatment of leukemia.[@b67-ijn-9-1025] Following IV administration of CPX-351 in patients with advanced leukemia, the clearance of cytarabine and daunorubicin was found to be less than 120 mL/h/m^2^ across all the dose levels (24--134 units/m^2^), which was markedly less than the clearance rates for unencapsulated daunorubicin (38,600 mL/h/m^2^) and cytarabine (134,000 mL/h/m^2^). The very low rate of clearance might be attributed to the apparent lack of a distribution phase for the encapsulated drugs. In addition to the therapeutic agents, liposomal delivery has been applied to imaging techniques, such as magnetic resonance imaging (MRI), positron or single-photon emission (computed) tomography (PET/SPECT), and fluorescence, at the forefront of medical diagnostics in preclinical and clinical settings, for the assessment of treatment efficacy.

Solid lipid nanoparticles
-------------------------

Solid lipid nanoparticles are described as colloidal nanoparticles of highly purified triglycerides, complex glyceride mixtures, monoglycerides, hard fats, or waxes stabilized by a surfactant and fabricated via a high-pressure homogenization and nanoemulsion technique. Solid lipid nanoparticles have recently emerged as an alternative to liposomal formulations, owing to various advantages: 1) improved physical stability; 2) modulated release of the loaded drugs; 3) relative low cost compared with phospholipids used for liposomes; and 4) easy scale-up and manufacturing ([Table 3](#t3-ijn-9-1025){ref-type="table"}). In contrast, solid lipid nanoparticles have some disadvantages: 1) drug expulsion after recrystallization; 2) limited loading capacity, depending on the solubility of drugs in the oil phase; and 3) relatively high water content of the dispersions.[@b16-ijn-9-1025]

A variety of pharmaceutical substances, such as small molecules, peptides, and proteins, can be applied to solid lipid nanoparticle systems with the aim of improving pharmacokinetic behavior, and many different routes are available for the administration of solid lipid nanoparticles, unlike for liposomes ([Table 3](#t3-ijn-9-1025){ref-type="table"}).[@b68-ijn-9-1025]--[@b72-ijn-9-1025] There are major challenges for the oral delivery of therapeutic peptides/proteins -- to overcome the gastrointestinal barriers and protect the structure in the gastrointestinal tract; despite this, promising results in the oral delivery of insulin have been achieved with the use of the solid lipid nanoparticle approach.[@b71-ijn-9-1025] Solid lipid nanoparticles might thus be a promising approach for the formulation of other therapeutic peptides and proteins. As observed with the liposomal formulations, IV-administered solid lipid nanoparticles of drug also exhibited longer systemic circulation, due to decreased clearance[@b69-ijn-9-1025] and higher accumulation in the tissues,[@b68-ijn-9-1025] compared with that exhibited by the drug itself.

Micelles
========

Polymeric micelles are spherical nanostructures formed by supermolecular assembly of amphiphilic copolymers in aqueous environments, normally as a consequence of ion pair or hydrophobic interaction. Micellar nanoparticles have received considerable attention in contemporary drug delivery research since micellar formulations can achieve the protection of internal drugs from degradation, solubility enhancement, and target-specific delivery.[@b1-ijn-9-1025],[@b73-ijn-9-1025]--[@b77-ijn-9-1025] Hydrophobic drugs tend to be entrapped in the semisolid core of micelles, and the core--shell structure can mimic the naturally occurring transport system. Therefore, micellar nanoparticles can improve the absorption and distribution of internal drugs and also, avoid opsonization and phagocytic clearance by RES uptake.[@b78-ijn-9-1025]

Micellar nanoparticles can be a viable alternative to liposomal formulations, in terms of passive and active targeting of the disease site in the body. After the IV administration of micelles, their tissue distribution and clearance has tended to be highly altered compared with those of free drugs, possibly resulting in better clinical outcomes ([Table 2](#t2-ijn-9-1025){ref-type="table"}).[@b73-ijn-9-1025]--[@b75-ijn-9-1025] The micellar nanoparticles can also be applied to liquid eye drops, to attenuate the rapid elimination of the drugs from the precorneal area, offering longer duration of action.[@b76-ijn-9-1025] Recently, Onoue et al developed a self-micellizing solid dispersion of poorly water-soluble drugs, with the use of an amphiphilic block copolymer of 2-methacryloyloxyethyl phosphorylcholine (MPC) unit and a n-butyl methacrylate (BMA) unit (\[poly(MPC-co-BMA)\]).[@b77-ijn-9-1025] The new solid dispersion system, tranilast, showed significant improvement in dissolution behavior and rapid formation of micelles with a diameter of 100--150 nm, and there appeared to be accelerated absorption of tranilast, with \~50-fold enhancement of oral bioavailability in rats ([Figure 1](#f1-ijn-9-1025){ref-type="fig"}). Clinical development of several micellar nanoparticles is ongoing, with the aim of improving the pharmacokinetic behavior and reducing the potential side-effects of anticancer drugs.[@b79-ijn-9-1025] NK105, a polymeric micellar nanoparticle formulation of paclitaxel, is currently under clinical trial in the patients with gastric cancer and breast cancer.[@b75-ijn-9-1025] In a Phase I study, the AUC of NK105 at 150 mg/m^2^ (recommended Phase II dose) was \~15-fold larger than that of the conventional paclitaxel formulation at the dose of 210 mg/m^2^ (clinical dose for a 3-week regimen in Japanese patients). The volume of distribution and the clearance of NK105 were significantly lower than those of the conventional formulation, while the hematological and nonhematological toxicities of NK105 were mild and well manageable. Although the micellar nanoparticles have been thought to be a safe delivery system, there are some safety concerns, including possible side effects after rapid elevation of systemic exposure, and toxicity of the surfactant used. In particular, prior to clinical use, the safety of newly developed micellizing agents has to be checked carefully with respect to chronic dosing.

Polymeric nanoparticles
=======================

Polymeric nanoparticles can be defined as solid particles with a size in the range of 10--1,000 nm; they allow encapsulation of the drugs inside a polymeric matrix, protecting them from enzymatic and hydrolytic degradation.[@b80-ijn-9-1025] The polymeric nanoparticles can be prepared by several classical methods, including nanoprecipitation, emulsion--diffusion, double emulsification, emulsion--coacervation, and polymer-coating. Polymeric nanoparticles show some advantages with respect to other drug delivery systems for several types of pharmaceutical substance (small molecules, peptides, proteins and small interfering ribonucleic acid \[siRNA\]) ([Table 2](#t2-ijn-9-1025){ref-type="table"}),[@b20-ijn-9-1025],[@b81-ijn-9-1025]--[@b84-ijn-9-1025] which include 1) high stability during storage; 2) controlled release; 3) multiple available routes of administration; and 4) prolonged duration of action. Once the polymeric nanoparticles reach the target tissues, the drug may be released by desorption, diffusion through the polymer matrix or polymer wall, or nanoparticle erosion. To obviate the need for surgical retrieval of the exhausted depot, clearance of the dosage from the injection site requires the use of biodegradable polymers. Of the available biomaterials, poly(lactic-co-glycolic acid) (PLGA) is the most commonly used FDA-approved polymer for biodegradable and biocompatible controlled-release devices, with high versatility provided by the suitable selection of the polymer molecular weight, copolymerization, and functionalization.[@b20-ijn-9-1025],[@b85-ijn-9-1025]--[@b88-ijn-9-1025] The number of commercial polymeric nanoparticles employing biodegradable carriers is growing and is expected to continue to do so, in line with the promise of further peptide-, protein-, and DNA/ribonucleic acid (RNA)-based drugs emerging from the biotechnology sector. A new polymeric nanoparticle of docetaxel, targeting the extracellular domain of prostate-specific membrane antigen, was developed for the treatment of patients with solid tumors.[@b84-ijn-9-1025] In the Phase I study, the plasma levels of docetaxel (30 mg/m^2^, IV) administered as polymeric nanoparticles of docetaxel were at least twofold higher than those of an equivalent dose of docetaxel solution, and the high plasma concentrations of docetaxel persisted for at least 48 hours. Albumin nanoparticle technology is particularly well adapted for applications with lipophilic drugs, and albumin-bound paclitaxel (Abraxane®; Celgene Corp, Summit, NJ, USA) was approved by the FDA for the treatment of metastatic breast cancer (2005) and non--small cell lung cancer (2012).[@b79-ijn-9-1025] Abraxane® is obtained by high-pressure homogenization of paclitaxel in the presence of serum human albumin, devoid of any solvent excipients. In humans, Abraxane® has exhibited good pharmacokinetics linearity over the various doses tested, up to 300 mg/m^2^, and inter-/intrapatient variability in the pharmacokinetic parameters was low. The volume of distribution for Abraxane® was found to be markedly higher than that of free paclitaxel solution, thus suggesting a greater extravascular distribution of Abraxane®. Hydrogel nanoparticles of insulin were also developed, comprising cross-linked materials with the ability to absorb a large amount of water without dissolving,[@b83-ijn-9-1025] and this new technology should allow the oral delivery of insulin and high clinical compliance. In general, polymeric nanoparticles exhibit low immunogenicity and low toxicity ([Table 3](#t3-ijn-9-1025){ref-type="table"}). Polymeric nanoparticles are commonly coated with nonionic surfactants, and the presence of surfactants on the particle surface markedly reduces immunological interactions, such as opsonization, and also, the interactions between the surface chemical group of nanodrugs via van der Waals forces, hydrophobic interaction, or hydrogen bonding.[@b89-ijn-9-1025]

Conclusion and future outlook
=============================

In pharmaceutical research and development, the important biopharmaceutical characteristics of drug candidates can be listed as 1) solubility; 2) membrane permeability; 3) metabolic stability; and 4) systemic pharmacokinetics and pharmacodynamics; these factors would have major impact on the drugability and developability of new pharmaceutical products. Nanodrug approaches might resolve the biopharmaceutical problems related to imprecise control of drug release, poor stability, limited pharmacokinetic behavior, and toxicity of the active ingredient. In recent years, as much as \~70% of new drug candidates have shown poor aqueous solubility, and \~40% of marketed drugs for oral use are identified to be practically insoluble in aqueous media (\<100 μg/mL).[@b38-ijn-9-1025] Some nanodrug approaches have been found to be efficacious in improving the dissolution behavior of drugs with limited solubility (BCS class II/IV drugs), and current nanotechnologies and ongoing research should bring clinically useful nanodrug systems with improved pharmacokinetic profiles. Therefore, interest in nanodrugs has increased significantly in the last two decades, and several nanodrugs with reduced drug toxicity or enhanced drug efficacy have been successfully developed. In contrast, nanodrugs for targeted delivery are still under development. The suitable selection and further development of highly qualified targeting ligands, such as antibodies, peptides, or aptamers, might accelerate the development of the next generation of nanodrugs with high therapeutic potential. According to the report by Uchegbu and Siew,[@b90-ijn-9-1025] there were 6,242 entries on clinical trials for nanodrugs, and over half of these clinical trials originated from USA. The vast majority of clinical trials are studying cancer patients (\~72%), and the other biomedical applications are in infectious diseases (\~6%), imaging (\~2%), and dental composites (\~0.2%). Currently, the nanodrug systems are believed to be feasible and promising in cancer therapy since the nanodrug systems theoretically allow targeting of the particles to increase the concentration of the drug at the site of interest, while reducing the systemic side effects. However, in addition to cancer, there are many serious diseases (diabetes, COPD, dementia, etc) that need to be addressed, and these might eventually be treated effectively via nanotechnology, upon further maturation of the technology platform.

In addition to the nanoparticles presented in this review article, carbon nanotubes have recently emerged as a new option for possible use in methodologies for cancer treatment, bioengineering, and gene therapy. In spite of such attractive features, the toxicity of carbon nanotubes is a prime concern. A deeper understanding of the toxic mechanisms and related physicochemical properties is needed, and carbon nanotubes have to be further developed to optimize the drug payload and reduce their potential toxicity. Via such efforts in academia and the pharmaceutical industry, carbon nanotubes might be a viable and safe option as a nanodrug carrier in the future.

We might still be far from the ultimate goal of the nanodrug approach; however, further development and/or strategic use of suitable nanotechnologies should provide a bright future in the treatment of several diseases, upon successful improvement in the safety, efficacy, and the quality of drugs.
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![Biopharmaceutical characteristics of self-micellizing solid dispersions.\
**Notes:** (**A**) Dissolution profiles of tranilast formulations in acidic solution (pH 1.2). ■, crystalline tranilast; ○, self-micellizing solid dispersion. Data represent mean ± SE of three independent experiments. Transmission electron microscopic image (inset) shows the self-micellizing solid dispersion redispersed in distilled water. Bar represents 500 nm. (**B**) Systemic exposure of tranilast after oral administration of tranilast formulations in rats. ■, crystalline tranilast (10 mg/kg); ○, self-micellizing solid dispersion (10 mg-tranilast/kg). Data represent mean ± SE of four to six experiments. Reprinted from Onoue S, Kojo Y, Suzuki H, et al. Development of novel solid dispersion of tranilast using amphiphilic block copolymer for improved oral bioavailability. *Int J Pharm*. 452(1--2):220--226.77 © 2013 with permission from Elsevier.\
**Abbreviations:** h, hours, min, minutes, SE, standard error; TL, tranilast.](ijn-9-1025Fig1){#f1-ijn-9-1025}

###### 

Targeted delivery of nanoparticles

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Targeting approaches                                                    Outcomes                                                                                  References
  ----------------------------------------------------------------------- ----------------------------------------------------------------------------------------- -------------------------------------
  Transcellular transport                                                                                                                                           

   Cellular internalization                                               Caveolar-mediated endocytosis (\<60 nm)                                                   [@b3-ijn-9-1025],[@b10-ijn-9-1025]

                                                                          Clathrin-mediated endocytosis (\<120 nm)                                                  [@b3-ijn-9-1025],[@b10-ijn-9-1025]

   Receptor-mediated endocytosis                                          Interaction of biomolecules coupled with nanoparticles by receptors on cellular surface   [@b11-ijn-9-1025],[@b12-ijn-9-1025]

   Permeation enhancer                                                    Perturbation of intracellular lipids by fatty acids                                       [@b15-ijn-9-1025]

  Paracellular transport                                                                                                                                            

   Bioadhesive polymers                                                   Reversible tight junction opening and enhanced membrane permeability                      [@b16-ijn-9-1025]

   Chelators                                                              Reversible tight junction opening and enhanced membrane permeability                      [@b17-ijn-9-1025]

  Others                                                                                                                                                            

   Enhanced permeability and retention (EPR) effects                      Accumulation in solid tumor                                                               [@b31-ijn-9-1025]

   Conjugation with antibodies, proteins, peptides, and polysaccharides   Specific delivery to target tissues                                                       [@b18-ijn-9-1025]

   Coating with uncharged hydrophilic materials                           Improved stability and transport in mucus\                                                [@b14-ijn-9-1025]
                                                                          Avoidance of opsonization                                                                 

   Particle size control to avoid mucociliary clearance                   High retention in lung tissue                                                             [@b22-ijn-9-1025]
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### 

Nanodrugs and their biopharmaceutical characteristics

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------
                              Formulation system                            Route       Observed pharmacokinetics/pharmacodynamics in vivo        References
  --------------------------- --------------------------------------------- ----------- --------------------------------------------------------- -------------------
  Dendrimers                                                                                                                                      

   Doxorubicin                Polylysine dendrimer                          IV          Prolonged systemic exposure\                              [@b30-ijn-9-1025]
                                                                                        Enhanced accumulation in tumor tissues                    

   Flurbiprofen               Poly(amidoamine) dendrimer                    IV          High distribution and retention in site of inflammation   [@b32-ijn-9-1025]

   Methotrexate               PEGylated polylysine dendrimer                IV          Prolonged systemic exposure                               [@b33-ijn-9-1025]

                              Lactoferrin-conjugated dendrimer              IV          Enhanced accumulation in lung                             [@b34-ijn-9-1025]

   Piroxicam                  Poly(amidoamine) dendrimer                    IV          Prolonged systemic exposure                               [@b35-ijn-9-1025]

  Engineered nanoparticles                                                                                                                        

   Carbendazim                Nanocrystals                                  Oral        Improved oral bioavailability                             [@b41-ijn-9-1025]

   Cilostazol                 Nanocrystals                                  Oral        Improved oral bioavailability                             [@b42-ijn-9-1025]

   Curcumin                   Nanocrystals                                  Oral        Improved oral bioavailability                             [@b43-ijn-9-1025]

   Danazol                    Nanocrystals                                  Oral        Improved oral bioavailability                             [@b44-ijn-9-1025]

   Diclofenac                 SoluMatrix™ fine particle technology          Oral        Faster absorption and prompt pain relief                  [@b51-ijn-9-1025]

   Fenofibrate                Nanocrystals                                  Oral        Improved oral bioavailability                             [@b45-ijn-9-1025]

   Indomethacin               SoluMatrix fine particle technology           Oral        Faster absorption                                         [@b52-ijn-9-1025]

   Megestrol acetate          Nanocrystals                                  Oral        Improved oral bioavailability                             [@b46-ijn-9-1025]

   Nitrendipine               Nanocrystals                                  Oral        Improved oral bioavailability                             [@b47-ijn-9-1025]

   Nobiletin                  Nanosized amorphous particles                 Oral        Improved oral bioavailability and hepatoprotection        [@b48-ijn-9-1025]

   Tranilast                  Nanocrystals                                  Oral        Improved oral bioavailability and rapid absorption        [@b49-ijn-9-1025]

                              Inhalable nanocrystalline powders             Pulmonary   Enhanced anti-inflammatory effects in lung                [@b50-ijn-9-1025]

  **Lipid nanosystems**                                                                                                                           

  Emulsion                                                                                                                                        

   Cinnarizine                Self-emulsifying drug delivery system         Oral        Improved oral bioavailability                             [@b56-ijn-9-1025]

   Coenzyme Q~10~             Solid self-emulsifying drug delivery system   Oral        Improved oral bioavailability                             [@b57-ijn-9-1025]

   Cyclosporin A              Self-emulsifying drug delivery system         Oral        Improved oral bioavailability with low variability        [@b58-ijn-9-1025]

                              Inhalable dry emulsions                       Pulmonary   Enhanced anti-inflammatory effects in lung                [@b19-ijn-9-1025]

   Halofantrine               Self-emulsifying drug delivery system         Oral        Improved oral bioavailability                             [@b59-ijn-9-1025]

   Simvastatin                Self-emulsifying drug delivery system         Oral        Improved oral bioavailability                             [@b60-ijn-9-1025]

  Liposomes                                                                                                                                       

   Amikacin                   Liposome (Phospholipid/Chol)                  IV          Extended half-life of the drug in vitreous                [@b29-ijn-9-1025]

   Amphotericin B             Liposome (PC/Chol/DSPG)                       IV          Increased systemic exposure, decreased RES uptake         [@b63-ijn-9-1025]

   Cytarabine/daunorubicin    Liposome (DSPC/DSPG/Chol)                     IV          Decreased clearance                                       [@b67-ijn-9-1025]

   Doxorubicin                Liposome, PEGylated liposome                  IV          High distribution in neoplastic tissue                    [@b62-ijn-9-1025]

   O-palmitoyl tilisolol      Liposome (PC/Chol)                            IV          High distribution and retention in the vitreous           [@b64-ijn-9-1025]

   Paclitaxel                 Liposome (PC/PG)                              IV          Prolonged systemic exposure                               [@b65-ijn-9-1025]

   Prednisolone               Liposome (PC/Chol/10% DSPE-PEG2000)           IV          Increased and prolonged systemic exposure                 [@b61-ijn-9-1025]

  Solid lipid nanoparticles                                                                                                                       

   Azidothymidine             Solid lipid nanoparticles                     IV          Enhanced permeability and retention to brain              [@b68-ijn-9-1025]

   Clozapine                  Solid lipid nanoparticles                     IV          Increased systemic exposure, decreased clearance          [@b69-ijn-9-1025]

   Diclofenac Na              Solid-in-oil nanosuspensions                  Dermal      Increased percutaneous absorption                         [@b70-ijn-9-1025]

   Insulin                    Lectin-modified solid lipid nanoparticles     Oral        Improved oral bioavailability                             [@b71-ijn-9-1025]

   Lidocaine                  Solid lipid nanoparticles                     Dermal      Controlled dermal permeation and duration of action       [@b72-ijn-9-1025]

  Micelles                                                                                                                                        

   Camptothecin               Block copolymeric micelles                    IV          Prolonged systemic exposure                               [@b73-ijn-9-1025]

   Doxorubicin                Block copolymeric micelles                    IV          Increased systemic exposure, decreased clearance          [@b74-ijn-9-1025]

   Paclitaxel                 Block copolymeric micelles                    IV          Increased systemic exposure, decreased clearance          [@b75-ijn-9-1025]

   Pilocarpine                Block copolymeric micelles                    Ocular      Increased miotic activity                                 [@b76-ijn-9-1025]

   Tranilast                  Self-micellizing solid dispersion             Oral        Improved oral bioavailability                             [@b77-ijn-9-1025]

  Polymeric nanoparticles                                                                                                                         

   Celecoxib                  Ethyl cellulose/casein nanoparticles          Oral        Improved oral bioavailability                             [@b81-ijn-9-1025]

   Clotrimazole/econazole     PLGA and alginate nanoparticles               Oral        Improved oral bioavailability                             [@b85-ijn-9-1025]

   Docetaxel                  PLA-PEG nanoparticles                         IV          Extended half-life, enhanced antitumor effect             [@b84-ijn-9-1025]

   Doxorubicin                PLGA nanoparticles                            IV, IP      Extended half-life, reduced distribution to heart         [@b86-ijn-9-1025]

   Glucagon                   PLGA nanoparticles                            Pulmonary   Extended half-life and enhanced bioavailability           [@b87-ijn-9-1025]

   Insulin                    Hydrogel nanoparticles                        Oral        Improved oral bioavailability                             [@b83-ijn-9-1025]

   Paclitaxel                 Albumin nanoparticles                         IV          Low inter-/intrapatient variability, tumor targeting      [@b79-ijn-9-1025]

   Rifampicin                 PLGA nanoparticles                            Oral        Improved oral bioavailability                             [@b88-ijn-9-1025]

   siRNA                      Chitosan analog nanoparticles                 Oral        Improved systemic distribution and gene silencing         [@b82-ijn-9-1025]

   VIP derivative             PLGA nanoparticles                            Pulmonary   Enhanced anti-inflammatory effects                        [@b20-ijn-9-1025]
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** Chol, cholesterol; DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine; DSPG, 1,2-distearoyl-sn-glycero-3-phosphoglycerol; IP, intraperitoneal; IV, intravenous; PC, phosphatidylcholine; PG, phosphatidylglycerol; PEG, polyethylene glycol; PLA, polylactic acid; PLGA, poly(lactic-co-glycolic acid); RES, reticuloendothelial system; siRNA, small interfering ribonucleic acid; VIP, vasoactive intestinal peptide.

###### 

Biopharmaceutical and safety characteristics of nanodrugs

  -------------------------------------------------------------------------------------------------------------
  Type of nanodrugs                    Biopharmaceutical properties                                Safety
  ------------------------------------ ----------------------------------------------------------- ------------
  Dendrimers                           Advantages                                                  Advantages

   High membrane permeability           Low immunogenicity                                         

   Controlled release                  Disadvantages                                               

   Specific dug delivery                Hemotoxicity                                               

   High solubilization                                                                             

  Disadvantages                                                                                    

   Limited dosage routes                                                                           

  Engineered nanoparticles             Advantages                                                  Advantages

   Improved systemic exposure           Decreased gastric irritancy of NSAIDs                      

   High retention in mucosal layer     Disadvantages                                               

   Several dosage routes available      Toxic risk due to high C~max~                              

  Disadvantages                         Cytotoxic potential                                        

   Low sustained releasing potency                                                                 

  Lipid nanosystems                    Advantages                                                  Advantages

   Biodegradable and metabolized        Low toxicity                                               

   Prolonged systemic exposure          Low antigenicity                                           

   Specific drug delivery              Disadvantages                                               

   Accumulation in tumor tissues        Cytotoxicity depending on the surfactant used              

  Disadvantages                                                                                    

   Rapid clearance due to RES uptake                                                               

   Limited dosage route                                                                            

  Micelles                             Advantages                                                  Advantages

   High membrane permeability           Low immunogenicity                                         

   High solubilizing potency           Disadvantages                                               

   Improved systemic exposure           Toxic risk due to high C~max~                              

  Disadvantages                         Cytotoxicity depending on used surfactant                  

   Low sustained releasing potency                                                                 

  Polymeric nanoparticles              Advantages                                                  Advantages

   Stable in vivo drug release          Low immunogenicity                                         

   Long duration of action             Disadvantages                                               

  Disadvantages                         Need to be removed surgically for nondegradable polymers   

   Need to avoid initial burst\                                                                    
   Limited dosage route                                                                            
  -------------------------------------------------------------------------------------------------------------

**Abbreviations:** C~max~, maximum concentration; NSAID, nonsteroidal anti-inflammatory drug.
